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The Korteweg-Helmholtz force  dens i ty  on a homogeneous incompressible 
d i e l e c t r i c  l i q u i d  i m e r s e d  i n  an e l e c t r i c  f i e l d  i s  concentrated at i n t e r -  
faces .  Hence, an e l e c t r i c  f i e l d  imposed wi th  A, s t rong  gradien t  i n  t h e  
region of  ,an i n t e r f a c e  has  a parked e f f e c t  on t h e  f l u i d  dynamics. A s  t h e  
i n t e r f a c e  Dasses from a f i e ld - f r ee  region through t h e  g r a d i e n t ,  t h e  e l e c t r i c  
su r face  force  "bangs" on. Ekperixents a r e  descr ibed  which denons t ra te  t h e  
in f luence  of t h e  e l e c t r i c  f i e l d  on modes of f l u i d  o s c i l l a t i o n .  It i s  demon- 
s t r a t e d  t h a t  l i a u i d s  such as freon and n i t rogen  can be suspended i n  a s t a b l e  
equi l ibr ium over  a gas i n  an adverse,  "one g" g r a v i t a t i o n a l  f i e l d .  Experi- 
mental measurements of o s c i l l a t i o n  frequency and condi t ions  f o r  i n s t a b i l i t y  
a r e  c o r r e l a t e d  with a t h e o r e t i c a l  model which inc ludes  t h e  s a l i e n t  non-linear 
f e a t u r e s  of t h e  dynamics. 
l i q u i d s  i n  low g r a v i t y  environments are discussed.  
Applications t o  s lo sh  c o n t r o l  and o r i e n t a t i o n  of 
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ii omen c l a t u r e  
C = capacitance of analogue experiment 
d = p l a t e  th ickness  
E = e l e c t r i c  f i e l d  i n t e n s i t y  
Eo= 
- 
rms o r  dc e l e c t r i c  f i e l d  i n t e n s i t y  between p l ane ,  p a r a l l e l  
e l e c t  rode s 
2 
F = 
F = force  dens i ty  
f = 
(E - Eo)Eo/ 2oR 
- 
frequency of o s c i l l a t i o n  (irz/sec) 
= frequency of o s c i l l a t i o n  with no e l e c t r i c  f i e l d  
f O  
g = g r a v i t a t i o n a l  acce lera t ion  
R = l ength  of equiva len t  f l u i d  pendulum 
p = h y d r o s t a t i c  pressure  
s = e lec t rode  spacing 
T = per iod  of o s c i l l a t i o n  
Te = su r face  fo rce  dens i ty  
T = 
1 
'I' = 
2 
1/4 of time s losh  spends i n  bang-bang region 
1/4 of time slosh spends i n  l i n e 8 r  region 
t = time 
U = t o t a l  p o t e n t i a l  energy 
Ue= 
U = 
g 
v = f l u i d  v e l o c i t y  
y = 
E = p e r m i t t i v i t y  of l i q u i d  
p o t e n t i a l  energy due t o  e l e c t r i c  f i e l d  i n t e n s i t y  
p o t e n t i a l  energy due t o  g rav i ty  
- 
2sm/s - slosh peak amplitude normalized t o  p l a t e  spacing 
E = p e r m i t t i v i t y  of f r e e  space 
0 
-3- " 
(Nomenclature cont inued)  
I. 
~ ( x , y , z , t )  = p e r m i t t i v i t y ,  a func t ion  of p o s i t i o n  x,y,z and time 
x = c h a r a c t e r i s t i c  wavelength on i n t e r f a c e  
n 
5 = displacement of equivalent  f l u i d  pendulum 
= maximum average amplitude of slosh, and maxim? de f l ec t ion  of 'm 
equiva len t  pendulum 
d e f l e c t i o n  at which p o t e n t i a l  has m a x i m u m  va lue  with g "adverse" = 
P = mass dens i ty  of l i q u i d  
= t o t a l  e l e c t r i c  f o r c e  p e r  un i t  a r e a  a c t i n g  on f l u i d  pendulum Te 
T = g r a v i t y  f o r c e  pe r  u n i t  area a c t i n g  on f l u i d  DenddW 
= maximum fo rce  pe r  unit a rea  on pendulum 
g 
T m a x  
w = angular  slosh frequency with no e l e c t r i c  f i e l d  
0 
. 
II‘ 
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Background 
For some time it has been recognized t h a t  t h e  s to rage  of cryogens 
f o r  long-duration space missions may r equ i r e  some means f o r  c o n t r o l l i n g  
t h e  p o s i t i o n  of t h e  l i q u i d  and vapor.’ There a r e  many c l a s s e s  of pro- 
p e l l a n t  c o n t r o l  problems which must be dealt with: one, f o r  example, i s  the 
s lqp res s ion  of s lo sh  growth upon a sudden change o r  cut-off of  engine 
t h r u s t .  This paper w i l l  show t h a t  electrohydrodynamic systems, which 
have been under se r ious  development s ince  1961 as a means f o r  p rope l l an t  
o r i e n t a t i o n  ,3’4s5 can a l s o  provide a s i g n i f i c e n t  i n f luence  on the dynamics 
of a s losh ing  sur face .  The non-linear,  bang-bang s t a b i l i z a t i o n  phenomenon 
d iscussed  here  can be considered as an extreme case of the f i e l d  g rad ien t  
s t a b i l i z a t i o n  developed previous ly .  It not  only provides  an engineer ing 6 
s o l u t i o n  t o  a c l a s s  of o r i e n t a t i o n  problems, but  makes poss ib l e  meaningful 
t e s t s  i n  l iquid-vapor  systems (such as t hose  involv ing  cryogens) i n  an earth- 
bound l abora to ry  environment. 
I n  the design of d i e l ec t rophore t i c  l i q u i d  storage systems, it i s  n a t u r a l  
t o  t h i n k  i n  terms of r ep lac ing  t h e  e f f e c t  of g r a v i t y  w i t h  t h a t  of the  e lec-  
t r i c  f i e l d .  In s t ead  of t h e  f o r c e  dens i ty  pg, t h e  e l e c t r i c  f i e l d  i n t e n s i t y  
- 
E induces t h e  fo rce  dens i ty  
where E i s  the l i q u i d  p e r m i t t i v i t y .  
Although t h e  force dens i ty  wr i t t en  as Eq. (1) has t h e  most obvious 
analogy t o  t h a t  due t o  g r a v i t y ,  it obscures t h e  fundamental f a c t  t h a t  t h e  
e f f e c t  of t h e  e l e c t r i c  f i e l d  on t h e  incompressible  f l u i d  motions i s  completely 
.I 
4' 
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determined by t h e  f i e l d s  at t h e  f r e e  i n t e r f a c e .  This  i s  t r u e  because 
fo rces  which are pure ly  t h e  grad ien t  of a pressure  do not  a f f e c t  the  in- 
compressible dynamics of 
i s  added t o  Eq. (l), t h e  
dens it y becomes 
798 
1 t he  l i q u i d ,  and i f  the  fo rce  dens i ty  -V F E E *  
r e s u l t i n g  dynamics w i l l  be una l t e red ,  bu t  t h e  fo rce  
1 - F = - F ~ 2 ~ ~  
I n  t h i s  form, it i s  c l e a r  t h a t  the e l e c t r i c  p o l a r i z a t i o n  force  dens i ty  
in f luences  the l i q u i d  at the i n t e r f a c e  where E undergoes an abrupt change, 
and t h e r e f o r e  VE i s  not zero ,  as it i s  i n  t h e  bulk.  I n  some cases  it i s  
f r u i t f u l  t o  t h i n k  i n  terms of an analogy between d i e l e c t r o p h o r e t i c  fo rces  
and su r face  t ens ion  fo rces  because,  i n  (9 homogeneous l i q u i d ,  t h e  e l e c t r i c  
f i e l d  produces only  a su r face  force .  
The "gravi ty- l ike"  representa t ion  of Eq. (1) sugges ts  t h a t  , t o  o r i e n t  
o r  c o n t r o l  a l i q u i d ,  the  volume of i n t e r e s t  should be f i l l e d  w i t h  an e l ec -  
t r i c  f i e l d  having as nea r ly  as poss ib l e  a constant  E' g r ad ien t .  
Eq. ( 2 )  sugges ts  t ha t  t h e  grad E2 f i e l d  could be confined t o  t h e  reg ion  of 
t h e  i n t e r f a c e ,  s i n c e  t h a t  is  t h e  only region where it w i l l  have any i n f l u -  
By c o n t r a s t ,  
ence. O f  course,  i f  t h e  i n t e r f a c e  can be anywhere i n  t h e  tank i n i t i a l l y ,  
the  two viewpoints do not  d i f f e r .  Thus, where t o t a l  d i e l e c t r o p h o r e t i c  
o r i e n t a t i o n  i s  requi red ,  t h e  f i e l d  g rad ien t  s t a b i l i z a t i o n  approach6 would 
be adopted. 
* 
There are c l a s s e s  of space missions,  however, where s lo sh  c o n t r o l  o r  
p a r t i a l  p rope l l an t  o r i e n t a t i o n  a r e  r equ i r ed  under condi t ions  such t h a t  , a t  
* A review of related work concerned w i t h  d i e l e c t r o p h o r e t i c  o r i e n t a t i o n  
i s  given i n  re ference  6. 
-6- 
4 c r i t i c a l  t imes t h e  i n t e r f a c e  pos i t ion  i s  e s s e n t i a l l y  known. For example, 
a p rope l l an t  tank may be acce lera ted  i n t o  o r b i t  with a programmed sequence 
of events .  Then, as i n  t h e  S-IV-B when t h e  propuls ion engines are shut  
down and low g r a v i t y  condi t ions are  e s t ab l i shed  (by t h e  u l l a g e  t h r u s t e r s )  , 
t h e  i n t e r f a c e  p o s i t i o n  i s  known. 
p r i a t e  t o  design an electrohydrodynamic s losh  b a f f l e  w i t h  fields confined 
t o  the  region of t h e  in t e r f ace .  
f o r  use  of e l ec t rodes  over a r e s t r i c t e d  volume of t h e  t o t a l  t ank ,  bu t  as w i l l  
In such a s i t u a t i o n  it would be appro- 
T h i s  not  only has  the  advantage of allowing 
be shown here, makes poss ib le  t h e  use of a g r e a t l y  enhanced "bang-bang" 
i n t e r a c t i o n  with t h e  f l u i d .  
A s i g n i f i c a n t  consequence of the  bang-bang i n t e r a c t i o n  i s  t h a t  l i q u i d s  
can be o r i en ted  aga ins t  gases  i n  t h e  l abora to ry  us ing  t h i s  mechanism, w i t h  
t h e  a t t endan t  advantage of being able t o  conduct earth-bound experiments 
under condi t ions  t h a t  are conservative compared t o  those  expected i n  space.  
I n  t he  p a s t ,  it has been necessary t o  s imulate  l i q u i d  cryogenics o r i en ted  
aga ins t  t he i r  vapors ( f o r  example) by using l i q u i d - l i q u i d  systems. Because 
of t h e  many d i f f e rences  i n  t he  electromechanical p rope r t i e s  of t hese  two 
two-phase systems, it has not  been poss ib l e  u n t i l  now t o  ob ta in  information 
on such important f a c t o r s  as t h e  r e l i a b i l i t y  of dc f i e l d s .  I n  l i qu id - l iqu id  
systems, t h e  dc f i e l d s  o f t en  produce i n s t a b i l i t y ,  9s10 and as w i l l  be discussed 
i n  t h e  following s e c t i o n s ,  t h e  bang-bang o r i e n t a t i o n  mechanism has made it 
poss ib l e  t o  s tudy the  e f f e c t  o f  dc f i e l d s  i n  o r i e n t i n g  l iquid-vapor  systems 
i n  t h e  l abora to ry  aga ins t  adverse normal acce le ra t ions .  
Bang-Bang Electrohydrodynamics 
It follows from Eq. ( 2 )  tha t  an i n t e r f a c e  between a l i q u i d  and i t s  vapor 
is  sub jec t  t o  t h e  sur face  force  densi ty  
-7- 
i Te = 2 (E  -Eo)E2 ( 3 )  
i n  a d i r e c t i o n  normal. t o  t h e  sur face  a c t i n g  from t h e  l i q u i d  t o  the vapor. 
Figure 1 shows the  e l e c t r o d e  arrangement t h a t  can be used t o  suppress  
t h e  amplitude of s lo sh .  I n  t h i s  example, g i s  taken  as a c t i n g  i n  a d i rec -  
t i o n  tha t  i s  favorable  t o  t h e  o r i e n t a t i o n  ( p o s i t i v e  g ) , a s  would be t h e  case ,  
for  example, at engine cut-off  when t h e  S-IV-B veh ic l e  i s  i n j e c t e d  i n t o  orb i t .  
Sloshing occurs  w i t h  the equi l ibr ium p o s i t i o n  of t h e  i n t e r f a c e  e s s e n t i a l l y  
co inc ident  w i t h  t h e  upper edges of the e l e c t r o d e s .  These e l e c t r o d e s  alter- 
n a t e l y  have opposi te  p o t e n t i a l s ,  s o  tha t  between adjacent  e l e c t r o d e s  having 
t h e  spacing s ,  t h e r e  i s  an e s s e n t i a l l y  uniform e l e c t r i c  f i e l d  i n t e n s i t y  Eo, 
independent of whether o r  not  t h e  l i q u i d  occupies tha t  reg ion .  
A s  the  l i q u i d  s lo shes  i n  the mode shown i n  Fig. 1, t n e  i n t e r f a c e  on one 
s i d e  l eaves  t h e  f i e l d  reg ion  between the  p l a t e s ,  while on t h e  o t h e r  s i d e  it 
enters the f i e l d  region.  A t  t h e  i n s t a n t  shown i n  Fig. 1, t h e  i n t e r f a c e  at 
(a) i s  e s s e n t i a l l y  out  of t h e  f r i n g i n g  f i e l d  and f r e e  of any e l e c t r i c  sur-  
f ace  f o r c e ,  while t h a t  at (b) experiences t h e  s u r f a c e  fo rce  given by Eq. ( 3 ) .  
Note t h a t  t h i s  sur face  fo rce  tends  t o  r e t u r n  the  i n t e r f a c e  t o  t h e  equi l ibr ium 
p o s i t i o n ,  and i s  constant  so long as t h e  depressed i n t e r f a c e  at (b)  i s  be- 
tween the  e l ec t rodes .  
spacing s ,  t h e  i n t e r f a c e  experiences an e l e c t r i c  su r face  f o r c e  ( E  - - E ~ ) E : / ~  
t h a t  e i t h e r  "bangs" f u l l  on, and tends t o  r e t u r n  it t o  equi l ibr ium,  or "bangs'' 
f u l l  o f f .  
For su r face  displacements l a r g e  compared t o  t h e  p l a t e  
The bang-bang i n t e r a c t i o n  i s  a t  t h e  oppos i te  extreme from t h e  case  con- 
s i d e r e d  i n  re ference  6 ,  i n  t h a t  g rad ien t s  i n  E2 are d i s t r i b u t e d  over an 
i n t e r v a l  of sur face  de f l ec t ions  which i s  s m a l l ,  r a t h e r  than large,  compared 
positive" g II 
Example of a die lec t rophore t ic  slosh baffle t h a t  takes  advantage 
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4 
Y t o  p o s s i b l e  excursions of 
The s l o s h  suppression 
i n t e r e s t .  
of Fig.  1 i l l u s t r a t e s  t h e  f i r s t  of two a spec t s  
of t h i s  problem t o  be considered. The second i s  i l l u s t r a t e d  by Fig. 2 ,  
where it is  i n c i d e n t a l  that  t h e  e l ec t rodes  take  on a coax ia l  r a t h e r  than 
p a r a l l e l  p l a t e  conf igura t ion .  The important po in t  i s  t h a t  g a c t s  ad- 
v e r s e l y ,  o r  so as t o  d i s o r i e n t  t h e  l i q u i d ,  and i n  add i t ion  t o  the  quest ion 
of s l o s h  dynamics, t h e r e  i s  the  question of  s t a b i l i t y .  
Yhe Theore t ica l  Nodel 
The bang-bang i n t e r a c t i o n  i s  inhe ren t ly  non-l inear ,  and an exac t  
a n a l y s i s  of t h e  f l u i d  not ions  would no t  only be extremely complex, bu t  
of l i t t l e  use i n  t h e  engineer ing design of an o r i e n t a t i o n  system. I n  
r e fe rence  6 it w a s  shown t h a t  a simple pendulum model f o r  t h e  l i q u i d  sys- 
tem gave a s u r p r i s i n g l y  complete p i c tu re  of t h e  e s s e n t i a l  dynamics. It 
w i l l  be found t h a t  t h i s  i s  t h e  case here as w e l l .  
The pendulum model f o r  t h e  bang-bang i n t e r a c t i o n  i s  shown i n  Fig. 3 ,  
where 6 i s  an equiva len t  average of the s losh  amplitude and R i s  t h e  
l e n g t h  of an equiva len t  Dendulum which would have t h e  same n a t u r a l  fre- 
quency as t h e  system of Fig. 1, s3y, i n  t h e  absence of t h e  e l e c t r i c  f i e l d .  
The l eng th  II would of course be d i f f e r e n t  f o r  d i f f e r e n t  tank  geometries 
and f o r  d i f f e r e n t  modes of s losh .  11 
The equi l ibr ium plane of t h e  i n t e r f a c e  ( the  upper edge of each p l ane ,  
p a r a l l e l  e l e c t r o d e )  i s  at x = 0. Although t h e  pendulum model of Fig. 3 
shows only i n t e r f a c e s  between two p a i r s  of p a r a l l e l  e l e c t r o d e s ,  it i s  
important t o  keep i n  view the f a c t  t h a t  i n t e r f a c i a l  displacements of 
i n t e r e s t  have c h a r a c t e r i s t i c  wavelengths i n  t he  plane of the  i n t e r f a c e  
- 8a - 
Fig. 2 
-+- 
adverse" g I1 
\ 
/ 
Example of bang-bang or i en ta t ion  i n  t h e  face of an  adverse 
acce le ra t ion  e; 
- 8b 
Fig. 3 Pendulum model for  s i t u a t i o n s  of Figs.  1 and 2. 
and l eng th  R are "equivalent" averages f o r  t h e  a c t u a l  modes. 
The d e f l e c t i o n  5 
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t h a t  a r e  long compared t o  t h e  i n t e r e l e c t r o d e  spacing,  s. 
wet t h e  e l e c t r o d e s . )  
are determined by t h e  degree t o  which t h e  e l e c t r i c  su r face  t r a c t i o n  i s  
a l t e r e d  as t h e  l i q u i d  i s  displaced. 
change, one f r o m t h e  change i n  imposed e l e c t r i c  f i e l d  at t h e  i n t e r f a c e  
due t o  i t s  change i n  p o s i t i o n ,  and t h e  second from the change i n  the 
e l e c t r i c  f i e l d  brought about by tine su r face  deformation i t s e l f .  It can 
be shown t h a t  t h e s e  l a t t e r  " se l f - f i e ld"  e f f e c t s  are ignorable  i f :  
(The l i q u i d s  
The e f f e c t s  of t h e  e l e c t r i c  f i e l d  on t h e  dynamics 
There are t w o  con t r ibu t ions  t o  t h i s  
In  tne dynamics of i n t e r e s t  here ,  e i ther  slosh suppression o r  s t a b i l i t y ,  
it i s  the longes t  wavelengths t h a t  a r e  the most dangerous, hence t h i s  
approximation i s  j u s t i f i e d .  Furthermore, because A >> s ,  it i s  appro- 
p r i a t e  t o  ignore t h e  d e t a i l e d  nature  of t he  f r i n g i n g  f i e l d  a t  t h e  upper 
edges of  t h e  e l e c t r o d e s .  
According t o  Eq. (21, t h e r e  is no e l e c t r i c  fo rce  i n  t h e  bulk of t h e  
l i q u i d ,  and so long as a t t e n t i o n  is confined t o  t h e  oulk ,  t h e  usua l  dy- 
namic form of Bernou l l i ' s  equation i s  app l i cab le .  
d d 
1 a - -  at pv*dR + [p  + pgx + pv*]  = 0 
b b 
( 5 )  
The l i m i t s  of i n t e g r a t i o n  through t h e  l i q u i d s  a r e  j u s t  below t h e  i n t e r -  
f a c e s ,  as shown i n  Fig. 3. 'i'he f i rs t  term i s  approximated by t h e  product 
of a pendulum l eng th  II and t h e  ve loc i ty  a c / a t ,  and Eq. ( 5 )  becomes: 
-10- 
where T = - aU / a 6  with U = pgC2 i n  t h e  case where g i s  p o s i t i v e .  
The same procedure shows t h a t  t h e  pressures  at a and c j u s t  above t h e  
i n t e r f a c e s  are equa l ,  because t h e  g a s  i n  t h e  upper region i s  of neg l i -  
g i b l e  dens i ty .  (Note t h a t  i f  t h e  force dens i ty  of Eq. (1) i s  used, t h i s  
d i s  n o t  t r u e .  ) 
and pb are r e s p e c t i v e l y ,  t h e  negatives of t h e  e l e c t r i c a l  su r f ace  fo rces  
a c t i n g  upward OR t h e  r i g h t  and lef t  i n t e r f a c e s ,  as given by Eq.  ( 3 ) .  
These s u b t r a c t  t o  give t h e  t o t a l  surface fo rce  T = 
Fig. 4 as a f b c t i o n  of 5. 
The dependence on €, of t h e  t o t a l  e l e c t r i c a l  su r f ace  f o r c e  a c t i n g  on 
Q R g 
For convenience, p, and p, are taken as ze ro ,  so t h a t  p 
- pd + pb shown i n  e 
t h e  pendulum has been d iv ided  i n t o  two p a r t s .  There i s  a l i n e a r  range 
- - < 5 -c -where t h e  i n t e r f a c e  i s  s t i l l  i n  t h e  f r i n g i n g  f i e l d s ,  and S S 2 2 
where Ue is  a p o t e n t i a l  func t ion  defined such t h a t  -re = - aUe/3[. 
Beyond t h e  l i n e a r  region,  t h e r e  i s  t h e  bang-bang region > - where S 2 
T = - (E - c0)E32 e 
= ( E  - E O N :  s ( - 5 - 1  2s - 8 )  
'e 
The e x t e n t  of t h e  l i n e a r  region assumed h e r e  is  determined by capaci tance 
measurements as descr ibed i n  t h e  appendix. 
Slosh Dynamics 
The piecewise continuous p o t e n t i a l  U as w e l l  as U with g p o s i t i v e  
This simple 
e '  g 
and t h e  t o t a l  p o t e n t i a l  U = Ue + U are sketched i n  Fig. 4b. 
ti: 
- 10a - 
Fig. 4 a )  Tota l  e l e c t r i c a l  surface force  act ing on pendulum of Fig. 3 .  
b) Elec t r i c ,  g rav i t a t iona l ,  and t o t a l  po ten t i a l  f o r  pos i t i ve  
acceleration 
c )  as i n  ( b ) ,  but with g adverse 
-11- . 
model makes it poss ib l e  t o  relate the  peak s losh  amplitude em t o  t h e  
parameters of t h e  electrohydrodynamic b a f f l e  and hydrodynamic system. 
In  t h e  l i n e a r  range,  t h e  pendulum equat ion becomes 
where 
F = (E  - E )E2 /2pR and u i  = 2g/2 
0 0  
while  i n  t h e  bang-bang range 
From Sq. (11) it follows t h a t ,  so  long as t h e  peak amnlitude 5 m i s  l e s s  
than s/2, t h e  s lo sh  frequency i s  
To determine t h e  s lo sh  frequency when t h e  peak d e f l e c t i o n  i s  i n  t h e  bang- 
bang range,  T and T a r e  r e spec t ive ly  def ined  as 1/4 of t h e  t imes r equ i r ed  
1 2 
f o r  t h e  f l u i d  pendulum t o  t r a v e r s e  t h e  bang-bang and l i n e a r  regions as it 
executes  one cyc le .  Thus t h e  per iod  of o s c i l l a t i o n  i s :  
T =  4 ( T  + T )  
1 2 
when t = 0. By d e f i n i t i o n  of E,, ‘m To compute T, , assume t h a t  5 = 
5% ( 0 )  = 0 and from Eq. (121, d t  
5 = (&  + $ ) c o s  uot - - F 
u2 
0 
-12- 
it fol lows t h a t  
T 1  
Then, s ince  5 = s/2 when t = 
where y = 2Em/s 
To compute T Eq. (11) i s  solved,  given t h a t  when t = 0 ,  6 = s/2 and 
2 '  
dS/dt has  t h e  va lue  given by Eq. (15) when t = T, ( t h e  t ime o r i g i n  i s  
s h i f t e d  by T 1 )  
7 s i n  w T O 1  s i n  w mt + 5 cos wo 1 + rl t (17) = - (%+$) 0 
Then, when t = T,, 6 = 0 and T must s a t i s f y  the  equat ion:  
2 
- ( y  + q2) s i n  woTl s i n  w T + cos w o ~ T  = 0 (18) 
0 2 2 
F i n a l l y ,  Eq. (16) i s  used t o  e l imina te  'I1 from Eq. (18) and an express ion  
i s  obta ined  f o r  T 
2 
Given t h e  normalized e l e c t r i c  f i e l d  i n t e n s i t y  rl and normalized s l o s h  amp- 
l i t u d e  y, E q s .  (16) and (19) provide w T and w T which i n  t u r n  determine 0 2  0 1 '  
t h e  s l o s h  frequency f normalized t o  t h e  frequency i n  t h e  absence of  t h e  
e l e c t r i c  f i e l d .  
c 
. 
-13- 
The s l o s h  frequency i s  shown i n  Fig.  5 .  Note t h a t ,  according t o  t h e  piece-  
wise continuous p o t e n t i a l  model, Ea_. (20)  i s  v a l i d  f o r  y > 1. 
f / f o  i s  found from Ea_. (13) and i s  independent of y ,  as shown i n  Fig. 5 .  
For y < 1, 
S t a b i l i t y  
S t a b i l i t y  i s  of major i n t e r e s t  when t h e  bang-bang concept i s  app l i ed  
t o  o r i e n t a t i o n  systems assuming the  conf igura t ion  i l l u s t r a t e d  i n  Fig. 2. 
Here, t h e  f l u i d  i s  i n  an uns t ab le  equi l ibr ium i n  t h e  absence of t h e  e lec-  
t r i c  f i e l d ,  a s i t u a t i o n  equiva len t  t o  sub jec t ing  t h e  pendulum model of Fig. 
3 t o  an adverse a c c e l e r a t i o n  g,  as  shown. 
i s  r ep laced  by -g, and t h e  p o t e n t i a l s  have t h e  dependence on 5 sketched i n  
Fig.  bc. 
Thus, g i n  E q s .  (11) and (12 )  
For a peak excursion 5 t h a t  does not  exceed s/2, t h e  p o i n t  of i n c i -  m 
p i e n t  i n s t a b i l i t y  fol lows from Eq. (11) ( g  -t - e )  as: 
where again r) = E o J  ( E  - €,)/2pgs and T)* i s  t h e  c r i t i c a l  normalized E . 
That i s ,  i f  t h e  normalized e l e c t r i c  f i e l d  i n t e n s i t y  does not exceed u n i t y ,  
even i n f i n i t e s i m a l  o s c i l l a t i o n s  are unsta-ble. 
0 
If, fo r  t h e  adverse g case ,  t h e  amplitude of t h e  excursion 5, exceeds 
s /2  (y  > l), t h e  equi l ibr ium is unstable  f o r  amplitudes 5, t h a t  exceed t h e  
d e f l e c t i o n  6 as shown i n  F ig .  4c. 
t h e  p o t e n t i a l  reaches i t s  maximum value. Thus, i n  t h e  bang-bang range of 
peak s l o s h  ampli tudes,  t h e  equi l ibr ium i s  stable i f  
Ngte, 5, i s  t h e  d e f l e c t i o n  where t h e  
P 
2 
I 
0 
0 1.0 2.0 
7 - normalized electric field 
Fig. 5 Slosh frequency f normalized t o  frequency fo i n  t h e  absence of 
e l e c t r i c  f i e l d  as a function of  t h e  normalized e l e c t r i c  f i e l d  
i n t e n s i t y .  
i n t e r e l e c t r o d e  spacing. 
y is t h e  s losh amplitude normalized t o  h a l f  of t h e  
-14- 
The s t a b i l i t y  regimes, as a funct ion of t h e  normalized s losh  amp- 
l i t u d e ,  are summarized i n  Fig. 6. 
grounds,  a g r e a t e r  e l e c t r i c  f i e l d  i s  r equ i r ed  t o  s t a b i l i z e  t h e  l a r g e r  
s lo sh  amplitudes.  O f  course,  t he  piecewise continuous marginal s t a b i l i t y  
curve i s  a consequence of t h e  piecewise continuous p o t e n t i a l  model. I n  
a c t u a l i t y ,  it would be expected t h a t  t h e  curve would .be smooth i n  t h e  region 
of t r a n s i t i o n  near  y = 
As might be expected on phys ica l  
1. 
Experirtients : AC F i e lds  - 
It i s  d i f f i c u l t  t o  ob ta in  experimental  condi t ions  wherein t h e  p o l a r i -  
za t ion  f o r c e  dens i ty  of Eq. (2) is not dominated by f r e e  charge e f f e c t s .  
F i e lds  of a l t e r n a t i n g  p o l a r i t y ,  having a frequency much g r e a t e r  than t h e  
reciGroca1 r e l axa t ion  t ine,  can be used t o  avoid e f f e c t s  from f r e e  charges 
t h a t  accrue i n  t h e  f l u i d  through r e l axa t ion  (conduct ion)  phenomena. 
experiments t o  be descr ibed  i n  t h i s  s e c t i o n ,  t he  e l e c t r i c  f i e l d  had a f r e -  
In  t h e  
quency of 400 IIz. , a value considerably i n  excess of t h a t  r equ i r ed  t o  avoid 
r e l a x a t i o n  e f f e c t s  i n  t h e  f l u i d s  used. A r e l a t i v e l y  high frequency w a s  
used because w i t h  60 t i z .  f i e l d s ,  the response of a l iquid-gas  i n t e r f a c e  t o  
t h e  120 Hz. component of t h e  fo rce  was s i g n i f i c a n t ,  as evidenced by s h o r t  
wavelength v i b r a t i o n s  of t h e  i n t e r f a c e .  This  dynamic response,  charac- 
t e r i z e d  by a frequency twice t h a t  of t h e  imposed a c  f i e l d s ,  i s  not  of 
i n t e r e s t  here .  
t i o n  e f f e c t s  and t o  e l imina te  f l u i a  i n t e r a c t i o n s  involving t h e  second har -  
monic of t h e  imposed f i e l d s .  I n  computing t h e  e l e c t r i c a l  f o r c e ,  t h e  ac 
f i e l d  i s  considered as a de f i e l d  having t h e  same rms value.  
Hence, t h e  400 Hz. f i e l d s  were used both t o  avoid t h e  re laxa-  
. 
- 
Unstable 
- 
I I I I 
1 
Fig. 6 C r i t i c a l  normalized e l e c t r i c  f i e l d  i n t e n s i t y  f o r  s t a b l e  s l o s h ,  
as a funct ion of t h e  maximm amplitude normalized t o  t h e  h a l f  
i n t e r p l a t e  snacing 
-15- 
I k o  c l a s s e s  of experiment are of i n t e r e s t :  t h e  first concerned 
with s l o s h  modes i n  a p o s i t i v e  g ,  and t h e  second s t a b i l i t y  i n  an adverse 
g ,  as exemplified by t h e  s i t u a t i o n s  o f  Figs .  1 and 2.  I4easurements of  
t h e  s l o s h  qynamics w e r e  obtained from a P l e x i g l a s  t ank  of r ec t angu la r  
cross-sect ion (7.5 x 12.5 c m )  having t h e  e l e c t r o d e  geometry of Fig. 1. 
l'he e l e c t r o d e s  were 1/8 inch t h i c k  brass  p l a t e s  with a 2.2 cm. ver t ica l  
height  and 0.38 cm. spacing. 
The ob jec t ive  of t h e  s l o s h  experiments w a s  t o  see i f  t h e  s i m d e  
p r e d i c t i o n s  summarized i n  Fig. 5 are meaningful i n  an engineer ing con- 
t e x t .  Thus, measurements were made o f  t h e  lowest s l o s h  mode resonance 
frequency ( t h e  n a t u r a l  frequency p red ic t ed  by t h e  p o t e n t i a l  w e l l  mode) 
as a func t ion  of app l i ed  e l e c t r i c  f i e l d  and s losh  amplitude. 
I n  t h e  dynamic experiments it was e s s e n t i a l  t o  r e t a i n  a r e l a t i v e l y  
high CJ f o r  t h e  resonsnce i n  s p i t e  of t h e  damping e f f e c t  of t h e  e l e c t r o d e s .  
Hence, a low v i s c o s i t y  f l u i d ,  Freon 113, w a s  used and h o r i z o n t a l  vibra-  
t i o n s  of t h e  tank i n  t h e  d i r e c t i o n  of t h e  e l e c t r o d e s  were used t o  e x c i t e  
t h e  mode shown i n  Fig. 7a. I n  t h i s  p i c t u r e ,  t h e  f l u i d  i s  seen a t  i t s  
peak amplitude, e s s e n t i a l l y  as sketched i n  Fig.  1, with no apDlied e l ec -  
t r i c  f i e l d .  
i n  Fig. 7b, where a l l  o t h e r  conditions of Fig. 7a a r e  r e t a i n e d  and t h e  
p i c t u r e  w a s  taken with t h e  amplitude peaking t o  t h e  l e f t .  
s l o s h  m p l i t u d e  i s  almost completely a t t enua ted .  
The e f f e c t  o f  applyinc 1 4  kv between t h e  plates i s  evident  
The o r i g i n a l  
If t h e  frequency of e x c i t a t i o n  is  r a i s e d ,  keeping t h e  aop l i ed  f i e l d  
and e x c i t a t i o n  t h e  same, t h e  s l o s h  amplitude i s  r e tu rned  t o  i t s  o r i g i n a l  
va lue ,  although somewhat r ev i sed  i n  shape, as shown i n  Fig. 7c. Thus,  
t h e  e l e c t r i c  f i e l d  had a s t i f f e n i n g  e f f e c t  on t h e  i n t e r f a c e  t h a t  w a s  on 
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t h e  same o r d e r  as t h a t  produced by a normal (one g )  g r a v i t a t i o n a l  acce l -  
e r a t i o n .  It i s  important t o  recognize t h a t  t h e  frequency s h i f t ,  r a t h e r  
than t h e  s l o s h  a t t e n t u a t i o n  a t  a given frequency, i s  t h e  meaningful mea- 
s u r e  of t h e  degree t o  which t h e  f i e l d  prevents  s l o s h  am?lif icat ion i n  a 
space a p p l i c a t i o n  as g i s  suddent ly  reduced. 
The d i s c r e t e  pendulum model, of course,  can desc r ibe  only t h e  average 
of  t h e  i n t e r f a c e  motions. Even so,  the s i m l e  model g ives  a remarkably 
q u a n t i t a t i v e  p red ic t ion  of  t h e  dynamics. It i s  reasonable t o  de f ine  peak 
d e f l e c t i o n  o f  t he  equivalent  peiidulum as 1/ F t h a t  of t h e  s l o s h  ampli- 
tude.  The measured frequency s h i f t s  f o r  s m a l l  and l a r g e  m p l i t u d e  s l o s h  
are compared t o  t h e  p red ic t ions  i n  Fig. 8. 
t o  a peak amplitude t h a t  i s  s t i l l  l e s s  t han  t h e  v e r t i c a l  he igh t  of t h e  
e l e c t r o d e s .  
Note t h a t  y = 3.5 corresponds 
The pendulum model ignores  t h e  continuum na tu re  of t h e  bang-bang 
i n t e r a c t i o n .  T'fius, it does not account f o r  changes i n  t h e  slosh mode shape, 
even as observed over the l i m i t e d  range of  v a r i a b l e s  i n  a one g experi-  
ment (compare Figs.  7a and 7c) .  Although, i n  t h e  experiments discussed 
h e r e ,  the  e f f e c t s  of g r a v i t y  md the  e l e c t r i c  f i e l d  were c l e a r l y  demon- 
strated t o  be on t h e  same order, t h e r e  were no s i t u a t i o n s  i n  which t h e  
e f f e c t  of  g r a v i t y  w a s  ignorable  compared t o  t h a t  of  t h e  e l e c t r i c  f i e l d .  
It must be recognized t h a t  i n  t h e  low g r a v i t y  cond i t ion ,  t h e  p r e d i c t i o n s  
of  t h e  simple pendulum model might not be i n  as c l o s e  agreement with exper- 
iment as i s  ind ica t ed  by Fig.  8. This i s  t r u e  because t h e  continuum aspec t s  
of t h e  bang-bang dynamics would t hen  be dominant i n  determining t h e  s p a t i a l  
d i s t r i b u t i o n  of t h e  i n t e r f a c e  de f l ec t ions .  
- 16a - 
Fig. 8 
V -  kv 
ExDerimentally observed frequency s h i f t  as a funct ion of vol tage 
f o r  t h e  e q e r i m e n t  of Fig. 7. 
curves are given by t h e  t h e o r e t i c a l  model and t h e  c o r r e l a t i o n  
c l e a r l y  shows t h e  e f f e c t  of t h e  amplitude. 
The f l u i d  i s  Freon 113. The s o l i d  
- 16b - 
Fig.  10 Closeup view of lower edges of e l e c t r o d e s  and f l u i d  i n t e r f a c e  f o r  
t h e  experiment of F ig .  9 .  
Voltage above thP.t required t o  meintain s t a b l e  i n t e r f a c e  with small 
amplitude def'lecti.ons. 
Fig. 10a 
- 16d - 
Fig .  10b I n s t a b i l i t y  resulting from J. r e d u c t i o n  i n  v o l t a g e  b e l o w  t h a t  
r e q u i r e d  for s t a b i l i t y .  Xote  that t h e  i n t e r f a c e  t o  t h e  r i g h t  
has risen, whi le  t h a t  t o  t h e  l e f t  i s  f a l l i n g .  
c -17- 
A second c l a s s  of  a c  experiments had t h e  ob,jective of i n v e s t i g a t i n g  
t h e  s t a b i l i t y  p r e d i c t i o n s  of  Eq. (21 )  i n  an adverse a c c e l e r a t i o n .  The 
configurat ion sketched i n  Fig.  2 is shown experimentally i n  Fig. 9. A 
g l a s s  cy l inde r  of c i r c u l a r  cross-sect ion,  6 cm. i n s i d e  diameter, was 
sepa ra t ed  i n t o  two s e c t i o n s  by coaxial  e l e c t r o d e s  ( i n t e r e l e c t r o d e  spacing 
s = 0.32 cm. ). 
and t h e  bottom placed i n  a pan of d i e l e c t r i c  l i q u i d  ( i n  t h e  p i c t u r e ,  corn 
o i l ) .  Thus, with t h e  vol tage o f f  t h e  l i q u i d  could be sucked i n t o  t h e  cy- 
l i n d e r  so  t h a t  both t h e  regions above and below t h e  e l e c t r o d e s  were f i l l e d .  
Then t h e  vol tage w7.s app l i ed  t o  t h e  e l ec t rodes  and t h e  l i q u i d  allowed t o  
d r a i n  from t h e  lower s e c t i o n  of t h e  cyl inder  by bubbling Freon gas i n t o  
t h e  lower s e c t i o n ,  t o  avoid breakdown. Because of t h e  bang-bang s t ab i l i -  
za t ion  of t h e  i n t e r f a c e  at t h e  lower edges of  t h e  e l e c t r o d e s ,  t h e  bubbles 
were stopped at t h e  e l ec t rodes  when the f i e l d  w a s  app l i ed ,  and t h e  l i q u i d  
remained i n  t h e  upper p a r t  of t h e  cy l inde r  as shown i n  Fig.  9.  (where t h e  
corn o i l  w a s  dyed f o r  photographic purposes).  A closeup view of t h e  sta- 
bi l izec? i n t e r f a c e  i s  shown i n  Fig. loa, where it can be seen t h a t  t h e  
e l e c t r o d e s  w e r e  wet ted by t h e  f l u i d .  
a c r i t i c a l  value,  t h e  configurat ion was u n s t a b l e ,  and t h e  l i q u i d  f e l l  from 
t h e  upper s e c t i o n  of  t h e  cyl inder .  The view of Fig. 10b w a s  taken s h o r t l y  
a f te r  inc ip i ence  of i n s t a b i l i t y .  If the f i e l d  w a s  r eapp l i ed ,  af ter  t h e  
f l u i d  began t o  f a l l  through t h e  e l ec t rodes ,  t h e  motion could be stopped 
and t h e  i n t e r f a c e  r e tu rned  t o  s t a b l e  equi l ibr ium. The e l e c t r i c  f i e l d  h a s  
t h e  e f f e c t  of a valve between t h e  upper and lower s e c t i o n s  of  t h e  cy l inde r .  
The t o p  of t h e  cyl inder  w a s  c losed o f f  by a rubber s toppe r  
When t h e  vo l t age  w a s  reduced below 
I t  i s  important t o  d i s t i n g u i s h  between s t a b i l i z i n g  t h e  i n t e r f a c e  and 
suplsorting a column of l i q u i d .  The idea t h a t  tile e l e c t r i c  f i e l d  supports  
t h e  column of l i q u i d  deserves c a r e f u l  cons ide ra t ion  i n  any case ,  s i n c e  t h e  
force dens i ty  of L q .  ( 2 )  i s  downward. The h y d r o s t a t i c  p re s su re  i n  a l i q u i d  
-18- 
must always be taken i n t o  account i n  determining t h e  s t a t i c  equi l ibr ium. 
dven i f  t h e  e l e c t r i c  f i e l d  d id  a c t  i n  a d i r e c t i o n  t o  support t h e  l i q u i d  
column, t h e  maximum fo rce  would be only s u f f i c i e n t  t o  support a c01mO.65 
cm. high under t h e  experimental  condi t ions.  Y e t ,  a column 10 cm. high w a s  
supported i n d e f i n i t e l y .  The bas i c  l i m i t a t i o n  he re  on t h e  height  o f  t h e  
column i s  one of vanor p re s su re ,  not of e l e c t r i c  p re s su re .  The e l e c t r i c  
f i e l d  simglv s t a b i l i z e s  t h e  i n t e r f a c e .  
A q u a n t i t a t i v e  comparison between experimental  condi t ions f o r  i n c i -  
p i e n t  i n s t a b i l i t y  with i n f i n i t e s i m a l  s losh amplitude and t h e  p r e d i c t i o n s  of  
t h e  pendulum nodel is  made i n  P i g .  11. The solid l i n e ,  which i s  p red ic t ed  
by Eq .  (211, g ives  a reasonable estimate of  t h e  condi t ions f o r  i n s t a b i l i t y .  
Lxperimental e r r o r s  arise because of v a r i a t i o n s  i n  t h e  w a y  i n  which t h e  
l i q u i d  w e t s  t h e  e l ec t rodes  and t h e  glass walls of  t h e  container .  Most of 
t h e  l i q u i d s  tended t o  w e t  both.  Pe r t inen t  f l u i d  parameters are summarized 
i n  Table 1. 
)r 
c .- e
E 
0 
v) 
t 
t 
.- 
c 
IO 
8 
o Aroclor 
Castor oil 
A Transformer oil 
x Silicon oil 
JC Corn oi l  
0 
Fig. 11 
5 IO 15 20 25 
Voltage f o r  i n c i p i e n t  i n s t a b i l i t y  i n  exDeriment of Figs.  9 and 10  
as funct ion of p e r t i n e n t  f l u i d  parameters.  The s o l i d  l i n e  is t h e  
theory ,  X q .  ( 2 1 ) .  
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Data f o r  F lu ids  Used _L_I_ i n  I n c i s e n t  I n s t a b i l i t y  Experiments -Table 1. 
Relative P e r m i t t i v i t y  E / €  Density (Units of l o 3  kg/m3 ) 
0 ----- F l u i d  
5.7 1 . 1 4  Aroclor 1232 
(Bfonsanto 1 
Castor O i l  
(Ifowe & French) 
Transformer O i l  
(GL 104) 
S i l i c o n  O i l  
(DOW Corning 1265 
Freon 113 
Liquid i t i trogen 
4.7 
2.2 
6.95 
3.1 
2.41 
1.43 
1.1 
0 .8  
1.25 
0.91 
1.56 
0.8 
I ' 
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Experinents : DC F i e l d s  
There a r e  t h r e e  e f f e c t s  t h a t  general ly  account f o r  d i f f e rences  between 
r e s u l t s ,  such as those  j u s t  descr ibed,  where ac f ie lds  are used and where dc 
f i e l d s  are used. In  t h e  dc f i e l d s ,  t h e  f l u i d s  are prone t o  forms of i n s t a -  
b i l i t y  re la ted t o  t h e  r e l axa t ion  of f r e e  charge,  while t h e  e l e c t r i c a l  break- 
down s t r e n g t h  of  t h e  d i e l e c t r i c  can tend  t o  be degraded by t h e  accumulation of 
space charge due t o  emission e f f e c t s  at the e l ec t rodes .  lo On t h e  o t h e r  hand, 
i n t e r f a c i a l  v i b r a t i o n  and i n s t a b i l i t y  induced by t h e  p u l s a t i n g  na tu re  of t h e  
a c  field-induced f o r c e s  i s  no t  p re sen t  with t h e  dc f i e lds .  I n  t h e  a c  experi- 
ments t h i s  d i f f i c u l t y  w a s  avoided by using a s u f f i c i e n t l y  high-frequency 
e l e c t r i c  f i e l d .  
hxnerinents  have been conducted i n  e s s e n t i a l l y  t h e  same configurat ion as 
Dreviously descr ibed,  but with dc f i e l d s .  
r e l a x a t i o n  t i n e s  exceeding lo'* seconds) it, w a s  found t h a t  t h e  vol tage f o r  
i n c i p i e n t  i n s t a b i l i t y  with ac and dc f i e l d s  differed by less  than  15%. O f  
g r e a t e s t  s i g n i f i c a n c e  were s t a b i l i t y  experiments conductea using l i q u i d  n i t r o -  
gen with dc f i e l d s .  The experimental  configurat ion was e s s e n t i a l l y  as des- 
c r i b e d  i n  t h e  previous s e c t i o n ,  with provision made f o r  maintaining the cry- 
ogenic environment as shown i n  Fig. 12. The apparatus  cons i s t ed  of a g l a s s  
t ube  w i t h  a set  of concentr ic  c y l i n d r i c a l  e l e c t r o d e s  c a r e f u l l y  f i t t e d  t o  pre- 
vent leakage between t h e  o u t e r  e l ec t rode  and t h e  cy l inde r .  The g l a s s  t ube  
with i t s  e l e c t r o d e  a r r a y  w a s  pos i t i oned  i n  an uns i lve red  g l a s s  dewar and 
suspended from a f i b e r g l a s s  cover as shown i n  Fig. 12.  The experiment began 
by drawing l i q u i d  n i t rogen  i n t o  t h e  glass t ube  us ing  a vacuum pump. When t h e  
tube  w a s  n e a r l y  f u l l ,  t h e  tube vent w a s  sealed o f f  and t h e  e l e c t r i c  f i e l d  was 
e s t a b l i s h e d  by connecting t h e  e l e c t r o d e  a r r a y  t o  a f i l t e r e d  source of  dc 
high vo l t age .  
For t h e  cases  tested ( f l u i d s  with 
Following t h i s ,  n i t rogen  gas  w a s  bubbled beneath t h e  e l e c t r o d e s  
v 
t 
GAS 
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CYLINDER 
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- 2Oa - 
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DEWAR 
/ VACUUM 
LN2 LEVEL ’IN DEWAR 
/ ELECTRODE 
ARRAY 
- VAPOR 
SPACE 
UNDER 
ELECTRODE 
E’ip. 12 ixperinent t o  demonstrate bang-bang s t a b i l i z a t i o n  o f  cryogenic 
l i qu ios .  
amara tus  o f  Fig. 9. The fluid i s  l i a u i d  nitropen. 
The electrodes a re  concentric cyl inders ,  as i n  t h e  
. 
( b )  
Par t ia l  o r i e n t a t i o n  system t o  hold l i q u i d  
bang 
stabi 
free 
bang 
lited 
surface 
a t  t h e  d ra in .  ( a  1 
S l o s h  b a f f l e  t o  avoid amnl i f i ca t ion  
at engine cut-off.  
f low into page 
( C )  
( d )  
l 'otal  o r i e n t a t i o n  system t o  guarantee Ribbon e l e c t r o d e  for 
l i a u i d  a t  d r a i n  and vapor a t  vent.  throurh a "wall-less 
1 i q u i  d with ar a w a l  
' I  d i e l e c t r o p h o r e t i c  p ipe .  
F ig .  13  Exmnles  where bang-bang e f f e c t  i s  u t i l i z e d  for o r i e n t a t i o n  and 
s losh  con t ro l .  Llectrodes are cons t ruc t ed  of l ightweight  screen.  
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h 
. 
where it d i sp laced  t h e  l i q u i d .  Thus t h e  upper po r t ion  of t h e  tu9e w a s  
f i l l e d  wi th  l i q u i d  n i t rogen  sunported by t h e  p re s su re  of t h e  gas beneath 
t h e  e l e c t r o d e s ,  and s t a b i l i z e d  by the  electrohydrodynamic, bang-bang i n t e r -  
a c t i o n  a t  t h e  l iquid-vapor i n t e r f a c e .  
u a l l y ,  u n t i l  t h e  l iquid-vapor i n t e r f a c e  became uns t ab le  and t h e  l i q u i d  i n  
The vo l t age  w a s  then decreased grad- 
t h e  g l a s s  column f e l l .  
found t o  be 21.5 kv. 
The po in t  of i n s t a b i l i t y  with l i q u i d  n i t rogen  was 
Eq. (21) p r e d i c t s  t h e  inc ip i ence  o f  i n s t a b i l i t y  at  
21.2 kv. This agreement i s  b e t t e r  than would be expected, consider ing t h e  
sources of e r r o r  involved. 
It has been found t h a t ,  wi th dc f i e l d s ,  t h e r e  i s  an upper l i m i t  on t h e  
p o t e n t i a l  r equ i r ed  f o r  s t a b l e  o r i e n t a t i o n  
lower l i m i t .  A s  t h e  voltage i s  raised, t h e  i n t e r f a c e  i s  observed t o  become 
o v e r s t a b l e ,  t h e  i n t e r f a c i a l  o s c i l l a t i o n s  o f t e n  reaching amplitudes such t h a t  
t h e  l i q u i d  o r i e n t a t i o n  i s  l o s t .  
o v e r s t a b i l i t y ,  both under i n v e s t i g a t i o n .  
r e l a x a t i o n  on i n t e r a c t i o n s  at  t h e  in te r face”  
i n s t a b i l i t y  of t h e  f l u i d  due t o  space charge accumulation from a non-ohmic 
conduction process  connected with t h e  generation of  carriers at t h e  e l e c t r o d e s .  
of  l i q u i d  freon as w e l l  as a 
There are  two p o s s i b l e  mechanisms f o r  t h i s  
One concerns t h e  e f f e c t s  of  charge 
and t h e  second concerns bulk 
Applications -- 
Bang-bang s t a b i l i z a t i o n  provides an important i ng red ien t  i n  t h e  design of  
a nunber of electrohydrodynamic Dropellant c o n t r o l  devices.  One obvious appl i -  
c a t i o n  i s  t h e  s l o s h  baffle shown i n  Fig. 13a. Analysis i n d i c a t e s  t h a t  a b a f f l e  
c o n s i s t i n g  of  concentr ic  c y l i n d r i c a l  e l ec t rodes  one f o o t  h igh ,  spaced a t  two-inch 
i n t e r v a l s  and opera t ing  a t  100kv, would suppress s l o s h  growth i n  t h e  S-IV-B LH2 
tank which i s  a n t i c i p a t e d  after t h e  booster  engine c u t s  off  (and t h e  a x i a l  
a c c e l e r a t i o n  suddenly decreases from Q 
tude of 2 i n c h e s ) .  
1 g t o  g with a 1 g s l o s h  ampli- 
. 
I' - 22 - 
Anct'ner a p p l i c a t i o n  i s  i n  t n e  design of  t h e  p a r t i a l  o r i e n t a t i o n  device 
shown i n  Fig. 13b. This device pos i t i ons  a small q u a n t i t y  of l i q u i d  at t h e  
t ank  sump f o r  engine re-start. Because of t h e  bang-bang s t a b i l i z a t i o n  at t h e  
free s u r f a c e ,  a pa r t i a l  o r i e n t a t i o n  system having a m a x i m u m  e l ec t rode  spacing 
of two inches and operat ing at 10 kv w i l l  wi thstand adverse a c c e l e r a t i o n s  up 
t o  'L 1 O - j  g before  t h e  free su r face  of LH2 becomes unstable  and t h e  l i q u i d  
drops ou t .  
I n  t h e  design of  t o t a l  o r i e n t a t i o n  devices of t h e  k ind  shown i n  Fig.  13c,  
it has been found u s e f u l  t o  t r u n c a t e  t h e  toFs of  t h e  e l ec t rodes  nea r  t h e  vapor 
vent .  T h i s  provides bang-bang s t a b i l i z a t i o n  f o r  t h e  l i qu id /vapor  i n t e r f a c e  
nea r  t h e  v e n t ,  and has been shown i n  KC-135 f l i g h t  tests" t o  be more e f f ec -  
t i v e  for mevent ing  l i q u i d  s lo sh ing  i n t o  t h e  vent t han  g rad ien t  s t a b i l i z a t i o n  
alone. 
tank ope ra t e s  a t  90 kv with a minirnum e l e c t r o d e  spacing of one inch and a m a x i -  
mum spacing of 3-1/2 inches.  
of t h e  l i qu id /vapor  configurat ion under adverse acce le ra t ions  u~ t o  4 x 10 
but  at t h e  bang-bang s t a b i l i z e d  region n e a r  t h e  ven t ,  t h e  l i qu id /vapor  i n t e r f a c e  
i s  s t a b l e  under adverse a c c e l e r a t i o n s  up t o  2 x g .  
For example, a t y p i c a l  t o t a l  o r i e n t a t i o n  system design f o r  a 40" LOX 
Gradient s t a b i l i z a t i o n  w i l l  i n s u r e  t h e  i n t e g r i t y  
-4 
g, 
The l i q u i d  expulsion device i n  Fig. 13d i s  a most i n t e r e s t i n g  a p p l i c a t i o n  
of bag-bang s t a b i l i z a t i o n .  This l ightweight  device uses  a series of  open- 
s i d e d  electrohydrodynamic "pipes" which communicate l i q u i d  t o  t h e  tank d r a i n  
f o r  zero-g expuls ion.  Bang-bang s t a b i l i z a t i o n  occurs at t h e  free l i q u i d  sur- 
f aces  along t h e  open sides o f  t h e  "pipes". This l i q u i d  can be flowed through 
t h e s e  "pipes" u n t i l  t h e  sum of t h e  f r i c t i o n a l  and Bernoul l i  p re s su re  drops 
exceeds t h e  e l e c t r i c a l  14axwe11 s t r e s s  a t  t h e  f ree  su r faces .  In  a t y p i c a l  
----- 
* Conducted under AF Contract do. AF 33(615)-3583 
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* 
design f o r  a 175,000 l b .  LH2 o r b i t a l  t anke r  , a s e r i e s  of expuls ion 
e l e c t r o d e s  i s  pos i t ioned  nominally seven inches from t h e  tank w a l l  and 
o p e r a t e s  at  100 kv. This configurat ion permits  stable l i q u i d  expuls ion 
at flow r a t e s  uD t o  1000 lbs/min. 
* A hemispherical ly  capped c y l i n d e r ,  with 33 f o o t  diameter  and a 
28 f o o t  c y l i n d r i c a l  s ec t ion .  
-24- 
Appendix 
. 
To e s t a b l i s h  t h a t  t h e  d i e l ec t rophore t i c  fo rce  should be approximated 
as shown i n  Fig. &a, an analogue exgeriment w a s  performed. To see  t h e  connec- 
t i o n  between t h i s  experiment and Fig. 2 ,  cons ider  t h e  two regions of f l u i d  
between t h e  symmetry ground p lanes  of Fig. 14a. Although t h e  symmetry ground 
p lanes  are imaginary su r faces  i n  t h e  a c t u a l  bang-bang appara tus ,  t hey  c m  be 
s imulated by r e a l  metal  e l e c t r o d e s ,  as shown i n  Fig. 14b. Two channels are s o  
used t h a t  f l u i d  i s  conserved as it i s  i n  an a c t u a l  s lo sh .  
We have a l ready  argued t h a t  f o r  such a mode, t h e  average d ie lec t rophore-  
t i c  fo rce  p e r  u n i t  a r e a  on t h e  s lo sh  pendulum has extreme v a l u s o f  zero ( f o r  
1 6 = 0 )  and ? $ E  - EdEo2 ( f o r  lei >> s ;  see  Fig. 4 ) .  It remains only t o  de te r -  
mine t h e  shape of t h e  curve between these  two values .  If w e  assume t h a t  t h e  p l a t e s  
have a r ad ius  of curva ture  l a r g e  enough f o r  t h e  problem t o  be modeled as two- 
dimensional,  and i f  t h e  p l a t e  he ight  h is s u f f i c i e n t l y  l a r g e ,  with r e spec t  t o  
t h e  p l a t e  th ickness  d = s / 2 ,  t h e  shape of t h e  T ( 6 )  curve can only depend on t h e  
two-dimensionless parameters </s and E/€ . 
e 
0 
We r e c a l l  t h a t ,  f o r  a constant  p o t e n t i a l  e l e c t r i c - f i e l d  system having a 
capac i tance  C ,  dependent on a geometrical  displacement 5, t h e  fo rce  i s  propor- 
t i o n a l  to1* (aC/3 [ ) .  Since we a l ready  know t h e  asymptotic value of t h e  average 
f o r c e ,  it i s  necessary only t o  determine t h e  dimensionless curve: 
T 
e 'Tmax (a) m a x  
exper imenta l ly  f o r  t h e  apparatus  of Fig.  14b sca l ed  so  as t o  preserve  t h e  dinen- 
s i o n l e s s  p a r a m e t e r s c b  and E / €  . 
0 
The r e s u l t s  of such an experiment are shown i n  Fig. 15  f o r  two f l u i d s ,  aro- 
C l O r  ( = 5.7)  and corn o i l  ( E / E ~  = 3.1). It i s  seen t h a t  t h e r e  i s  only a 
n - 24a - 
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weak dependence on t h e  f a c t o r  €/Eo. 
i s  the one used f o r  t h e  pendulum fo rce  ( see  Fig.  4). 
The piecewise continuous s o l i d  curve 
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